Monoclonal antibodies (McAb) that react with components of the bacteroid cell wall were isolated after immunization of rats with sonicated Rhizohium bacteroids from pea root nodules. More than 90% of the McAb reacted with lipopolysaccharides (LPS) from bacteroids and all of these cross-reacted with LPS from free-living cultures of the corresponding Rhizohium strains. Although LPS derived from free-living cultures of Rhizohium is very heterogeneous, detected as a ladder of immuno-staining bands after SDS-PAGE and electroblotting, the LPS from bacteroids is predominantly of the fast-migrating form. This observation suggests that LPS from bacteroids carries the core polysaccharide but lacks the repeating 0-antigen oligosaccharide substituents that are usually found in free-living cultures. Three classes of McAb differed in their specificity for different Rhizohium strains, and differences in antigenicity were also observed between bacteroid and free-living cultures of the same strain.
INTRODUCTION
Rhizohium leguminosurum can exist either as a free-living heterotroph in the soil or as an endosymbiotic bacteroid which fixes nitrogen in the infected plant cells of the pea root nodule. Compared to rhizobia grown in free-living culture, the bacteroid forms are larger, usually branched or club-shaped, and individually surrounded by a peribacteroid membrane of plant origin (Newcomb et al., 1979; Robertson & Lyttleton, 1984; Brewin et al., 1985) . Their cell walls appear thinner (Tu, 1977) and they may lack the capsular polysaccharide present in free-living bacteria. As a consequence, bacteroids are more sensitive to osmotic shock and detergents (van Brussel et al., 1977; Sutton et al., 1977) . It has been suggested that during the differentiation of R. japonicum bacteroids the outer membrane is entirely sloughed off and replaced by a new outer membrane (Bal et al., 1980; Bal & Wong, 1982) .
Free-living cultures of Rhizohiurn have a multi-layered cell wall similar in overall structure to that of other Gram-negative bacteria (Lugtenberg & van Alphen, 1983; Dudman, 1984) . The structure of the cell wall may well play an important part in the mechanism by which Rhizohium infects the cells of the host legume. For several Rhizohium strains, a correlation has been established between LPS structure, resistance to bacteriophages and the ability to fix nitrogen in legume root nodules (Kleczkowska, 1950 (Kleczkowska, , 1965 Zaj?c & Lorkiewicz, 1983) . Mutants with altered extracellular polysaccharide biosynthesis have also been reported to have altered capabilities for infection or symbiotic nitrogen fixation (Johansen et al., 1984; Finan et al., 1985) .
A major difficulty in analysing the composition of the bacteroid surface has been the problem of obtaining sufficient material for the purification and biochemical analysis of cell wall components (van Brussel et ul., 1977; Planque et al., 1979; Carlson, 1984) . We have attempted to circumvent this difficulty by immunizing rats with relatively small quantities of isolated pea Table 1 . Rhizobium leguminosarum strains All strains cited are biovar i?iceue, except strain 8002 which is biovar phuseoli (Jordan, 1984 nodule bacteroids, and then raising monoclonal antibodies (McAb) that react with components of the bacteroid cell surface. These antibodies can then be used as sensitive and specific molecular probes for the analysis of the corresponding cell wall antigens. In the present study we report that most of the McAb obtained reacted with LPS from bacteroids, and using these McAb we have revealed differences in electrophoretic mobility between LPS from bacteroid and free-living forms of the same strain of R . leguminosarum.
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METHODS
Struin.sundculturc~ conrlition.s. The principal Rhizohium strains used in this study are listed in Table 1 . In addition, a collection of field isolates was kindly provided by Dr J. P. W. Young (this Institute): these strains were described by Young (1985) . Free-living cultures of R . l~~guminosurum were normally harvested from 2-3-d-old TY slants as previously described (Brewin et al., 1985) . Unless otherwise stated, TY medium contained Difco Tryptone, 5 g 1-l; Difco Yeast Extract, 3 g I-' ; CaCI2. 6H20, 1.3 g I-' (i.e. 6 mM); Lab M agar, 175 g 1 -I . Bacteroids were isolated from pea or Phaseolu.s nodules as previously described (Brewin et ol., 1985) . Sonicated homogenates of bacteroids or freeliving cultures were centrifuged at 10000 g for 1 min in a microcentrifuge, and the supernatants used as a source of antigen.
Derizwtion ofhybridomus. This is summarized in Fig. 1 . Female LOU/Iap rats were injected intramuscularly with 50 pg of sonicated bacteroid material from R. Ieguminosarum strain 3841 (in Freund's complete adjuvant). Seven weeks later, they were injected subcutaneously with 50 pg of strain 3841 bacteroids in Freund's incomplete adjuvant. After a further seven weeks, 100 pg of strain B 155 bacteroid material was injected intravenously to boost the production of those antibodies that recognized both this and the previously inoculated strain. The rats were killed 3 d later: the blood was used as a source of anti-bacteroid antiserum (R32), and spleen cells were fused with the rat myeloma line Y3 Agl ,2.3 as described by Galfre & Milstein (198 1) . The fused cell population was initially distributed into separate culture wells in numbers previously ascertained (under local conditions) to permit the outgrowth of hybrid myelomas at or near a frequency of one clone per well. Ten to 15 d after fusion, supernatants from confluent cultures were tested for McAb that reacted with strain B155 bacteroid antigens by dot immunoassay (Brewin et al., 1985) . Selected positive cultures were subsequently cloned at 1 cell per well in flatbottomed microtitre plates (the cloning efficiency of our system is generally about 0-4, ranging between 0-1 and 0-6), using 2000 rad-irradiated rat or mouse peritoneal cells as feeders.
The cell lines secreting the McAb AFRC MAC 57, 113 and 114 will be deposited in the National Collection of Animal Cell Cultures (PHLS Centre for Applied Microbiology and Research, Porton Down, Salisbury SP4 OJG,
Electron microscopy. Sections of pea nodules (1 mm3) were fixed overnight at 4 "C in 2.5% (v/v) glutaraldehyde in 0.2 M-cacodylate buffer pH 7.2, post-fixed with 1 % (w/v) osmium tetroxide and saturated uranyl acetate and progressively dehydrated through to 100% (v/v) ethanol. The fixed material was embedded in LR white resin, which was polymerized by incubation for 16 h at 60 "C (Robertson et ul., 1985; Brewin et al., 1985) . Thin sections (silver-gold) were treated with saturated sodium metaperiodate/HCl to remove osmium tetroxide before immunogold staining as previously described (Brewin et ul., 1985) .
Immunizations
Strain 384 To examine intact bacteroids, a suspension of bacteroids was diluted in water and dried down on to carbon/plastic coated 200 mesh gold grids. Thereafter, the specimens were treated with antibodies and immunogold reagents as described previously for thin sections of nodule tissue (Brewin et al., 1985) , and negatively stained with 1 % (w/v) ammonium molybdate pH 6.8, containing 0.05% (w/v) BSA (Beesley et a f . , 1984).
Polyucrylamide gel electrophoresis und immunoperoxidase staining. Electrophoresis, electroblotting and immunoperoxidase staining techniques were described by Brewin et al. (1985) . To obtain two electroblots from a single gel, antigens were transferred for 4 h at 15 V in 25 mu-sodium phosphate buffer pH 6.5 in a Bio-Rad Transblot apparatus. The nitrocellulose sheet was replaced and a second transfer was made for 16 h at 8 V in the same buffer. Nitrocellulose sheets were left to dry overnight, then treated for 14 h with a 1 % (v/v) dilution of the hybridoma cell supernatant in 2% (w/v) BSA.
Isofarion ojLPS. R . leguminosarum strain 3841 or B 155 was grown to late exponential phase ( lo8 cells ml-I) in 2 1 liquid TY medium at 25 "C in an orbital shaker. Cells were sedimented by centrifugation, washed twice with Trisbuffered saline (Brewin et al., 1985) and twice with water, and then lyophilized. LPS was extracted by method A (Carlson et uf., 1978; a modification of the hot phenol method of Westphal & Jann, 1965) or method B (Galanos et af., 1969), in each case starting with 0-35 gdried cells. Ultimately, after the extraction and dialysis procedures, LPS was precipitated from a 90% ethanolic solution by the addition of 10 mM-MgSO, at 4 "C. The precipitate was centrifuged, washed with ether and dried in air. The yield of LPS was 10 mg for method A compared to 1 mg for method B. A third extraction procedure used an EDTA treatment on cells that had been washed in Tris-buffered saline and water but not lyophilized (Leive 8z Morrison, 1972 ) -approximately 50% of the LPS was solubilized by this treatment. In addition, a preparation of LPS from R. feguminosarum strain 128C53 was obtained as a generous gift from Professor R. W. Carlson, Charleston, Ill., USA.
R E S U L T S
Isolation and strain spec8city of' monoclonal antibodies A total of 23 hybrid cell lines were isolated that produced antibodies reacting with antigens from strain B155 bacteroids (Fig. 1) . All but one of these antibodies also reacted with antigens N . J. B R E W I N A N D OTHERS Fig. I , which involved strain B155 bacteroids. It was isolated in a previous experiment (Brewin et af., 1985) designed to obtain McAb reacting with material from root nodules inoculated with a single Rhizobium strain, 3841. present in a free-living culture of strain B155 and with LPS isolated from strain B155 by extraction with hot phenol. (The one exception, AFRC MAC 90, did not react with LPS and will not be considered further here.) The major class (I) of McAb reacted weakly with strain B155 and strongly with strain 3841 (the strain used originally to immunize the rats); the minor class (11) did not react with strain 3841, but reacted with strain B155 (the strain used for boosting the rats before killing, and also for screening hybridoma supernatants ( Table 2) . None of the McAb reacted in dot immunoassay with strain TOM (as free-living culture or bacteroid) whereas the pattern of reactivity for R. leguminosarum 8002 (biovar phaseoli) was identical to that for strain B155. Each McAb was also tested against free-living cultures from 13 other R. leguminosarum isolates, including representatives of biovars viceae, phaseoli and trifolii. Of these strains, eight failed to react with any of the McAb, one showed similar behaviour to 3841, and four were similar to B155 and 8002. These groupings were consistent with previous classifications based on enzyme polymorphism patterns [strains 3841 and B 155 corresponding to groups SSQ and MFF of Young (1985) ].
In subsequent experiments, one representative McAb was taken from each of the three specificity classes described in Table 2 . These were AFRC MAC 57, MAC 114 and MAC 113 for classes I, I1 and I11 respectively: all three antibodies had immunoglobulin p heavy chains.
Cytochemical localization of antigens
Several lines of evidence indicated that class I, I1 and I11 McAb all reacted with components of the cell wall, in both bacteroids and free-living bacteria. MAC 57 treatment of thin sections of nodules containing R. leguminosarum strains 3841 or B155 resulted in immunogold staining of the bacteroid cell walls for both strains (Fig. 2 and Robertson et al., 1985) . MAC 114 stained strain Bl55 bacteroids and MAC 1 13 stained strain 3841 bacteroids, confirming the specificity relationships that had been established for free-living material in Table 2 .
Alternatively, when intact bacteroids were isolated from pea nodule homogenates, transferred to gold grids and treated with McAb, the immunogold stain accumulated on the outer membrane of the bacteroids (Fig. 3) , and the specificity of the interaction was the same as Fig. 2 . Thin section of pea nodule tissue treated with MAC 57 and 15 nm gold anti-rat IgG. B, bacteroid; C, plant cytoplasm; G, Golgi apparatus; P, peribacteroid membrane; bar, 0.2 pm. Pea nodules containing R . leguminosarum 3841 were fixed in glutaraldehyde and osmium tetroxide, dehydrated and embedded in LR white resin. Thin sections were treated with sodium metaperiodate to remove osmium tetroxide before immunogold staining. (The use of LR white resin was preferable to Lowicryl K4M because the osmium staining gave better definition of membranes.) Fig. 3 . Immunogold staining of an isolated strain 3841 bacteroid treated with MAC 57 and 10 nm gold anti-rat IgG, and then negatively stained with ammonium molybdate. LPS antigen localized by the colloidal gold particles highlights the bacteroid (B) outer membrane (arrowed). Bar, 0-2 ym.
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outlined in Table 2 . The cell walls of rhizobia from free-living cultures could also be labelled by this technique, but the level of labelling was lower than for bacteroids (perhaps because the antigen was masked by other cell wall components).
Biochemical characterization of antigens Neither protease nor periodate pretreatments (Brewin et al., 1985) affected the antibody binding reaction in the dot immunoassay or in nodule thin sections (Fig. 2) . In an attempt to characterize the antigens as LPS, LPS was purified from free-living cultures of bacteria (strain 3841 or B155) by three different extraction techniques. In all cases, the antigen(s) recognized by MAC 57, MAC 114 and MAC 113 co-purified with LPS. Furthermore, a preparation of LPS purified by R. W. Carlson from strain 128C53 reacted with MAC 114 by dot immunoassay, and the antigen recognized by MAC 114 was present in strain Exo-1, a mutant of R. leguminosarum 128C53 which is deficient in the synthesis of exopolysaccharide (Carlson & Lee, 1983 ).
Identification of MAC 57 antigens after SDS-PAGE When a sonicated free-living culture of strain 3841 isolated from a TY slant was examined after SDS-PAGE, a ladder of immuno-staining bands was observed after electroblotting to a nitrocellulose sheet, treatment with MAC 57 and immunoperoxidase staining (Fig. 4a, track 1) . The fastest migrating bands (18 kDa) stained the strongest, and corresponded to material that stained for carbohydrate using a periodate/silver treatment (Brewin et al., 1985) . Unlike the material from free-living strain 3841, the MAC 57 antigen (LPS) from bacteroids and the peribacteroid fraction was almost exclusively of the fast-migrating type (Fig. 4a, tracks 2 and 3) . LPS isolated from strain 3841 grown in liquid TY medium showed antigenic activity for MAC 57 (Fig. 4a, track 4) . However, the lack of slow-migrating forms of antigen may be due to this LPS being purified from a culture grown in liquid TY medium, whereas all other free-living cultures were derived from TY slants. We have found that additional calcium chloride (10-20 mM) must be added to liquid TY medium to obtain the high molecular mass antigenic forms from cultures of strain 3841.
The immunostaining bands for the free-living culture stained with MAC 57 (Fig. 4a , track 1) correlate closely with those for whole antiserum R32 (Fig. 4b, track 1) over the size range 17-40 kDa. In the case of the R32-stained blots, the intensity of staining for the unidentified high molecular mass antigens (40-60 kDa) served as an internal control, indicating that samples of similar concentration had been loaded for free-living and bacteroid material. This was also checked by examining the protein content of the other gel tracks after staining with Coomassie blue (Brewin et al,, 1985) .
IdentiJcation of' MAC I14 antigen after SDS-PAGE
In experiments similar to those described above, samples derived from a number of strains [B155, 8002 and the related strains 8400 and 8400(pRLlJI); see Table 11 were fractionated by SDS-PAGE, and electroblotted to nitrocellulose sheets for immunostaining. Results for strain B 155 and the 8002 series were essentially similar, and only the latter data are presented. For all free-living cultures (Fig. 5a, tracks 1, 2 and 3 ) a strong ladder of immunostaining bands was observed with MAC 114; of these, only the fastest-migrating band stained faintly with MAC 57 on a second electroblot taken from the same gel (Fig. 5b, tracks 1, 2 and 3 ). This band corresponded to a conspicuous distortion in the Coomassie blue stained protein bands on the gel and stained positively for carbohydrate in the periodate/silver nitrate test.
In contrast to the free-living cultures of strain 8401(pRLl JI) or B155, samples from bacteroids isolated from pea nodules did qot show the regular immunostaining ladder with MAC 114, and only the fast migrating forms of antigen were seen (Fig. 5, track 4) . However, compared with the samples from free-living cultures, the pea bacteroid sample stained more strongly with MAC 57 (Fig. 5b, track 4 ) and less strongly with MAC 114. The differences in antigen heterogeneity and antigenicity were also seen when free-living cultures and bacteroid samples of strain 8002 were compared (Fig. 5) . MAC 1 13 did not react with bacteroid preparations from any of these strains [Bl55, 8002, 8400(pRLlJI)], thus providing further evidence that this McAb had a slightly different specificity from MAC 57 and the other representatives of class I McAb (Table 2) . 
N . J. BREWIN A N D O T H E R S DISCUSSION
Starting with an antigen preparation consisting of sonicated Rhizobium bacteroids, more than 90% of the McAb isolated from rat hybrid plasmacytoma lines (Fig. 1) reacted with LPS components from the bacteroid cell wall (Figs 2 and 3 ) and cross-reacted with LPS purified from free-living cultures of the same Rhizobiurn strains (Figs 4 and 5) . The main reason for using two different strains (3841 and Bl55) during the immunization and screening procedures was the desire to obtain McAb that bound to cell wall epitopes common to R. leguminosarum bacteroids of all strains, This goal was not achieved for LPS antigens, and the only enrichment was apparently for class I McAb, which reacted with an epitope common to the two strains used as antigens in the immunization and screening procedures.
The McAb MAC 57 and MAC 114 isolated in the present study were used to examine the size heterogeneity of LPS molecules from R. leguminosarurn without the need for any preliminary extraction or purification. Bacteria (or bacteroids) were simply solubilized with SDS and fractionated by electrophoresis (just as for total protein samples). Subsequently, after material from the gel had been electroblotted to nitrocellulose sheets, the presence of LPS was detected by treatment with the specific McAb, followed by immunoperoxidase staining. A difference in LPS heterogeneity between bacteroid and free-living forms of R . legurninosarum was observed for all three strains examined, i.e. 3841 (Fig. 4) , 8400(pRLlJI) (Fig. 5 ) and B155 [identical results to 8400(pRL1 JI)].
The structural basis for size heterogeneity in LPS molecules has been reviewed (Sutherland, 1985; Wilkinson, 1977) and, in the case of R. leguminosarum, Carlson (1984) suggested that lipid A (embedded in the bacterial outer membrane) is connected through 2-keto-3-deoxyoctonic acid (KDO) to a core polysaccharide which is composed largely of galacturonic acid. On to this core is substituted a variable number of repeats of an 0-antigen oligosaccharide which is rich in fucose, rhamnose, mannose and sometimes galactose. Hence, when LPS molecules are fractionated by SDS-PAGE, a ladder of bands is seen which represents a series of LPS molecules that differ from each other by the number of repeating units of the 0-antigen oligosaccharide (Hitchcock & Brown, 1983) . Thus, the evidence from immunostaining (Figs 4 and 5 ) suggests that LPS from bacteroids carries the core polysaccharide, but lacks the repeating 0-antigen oligosaccharide substituents that are usually found in free-living cultures of Rhizobiurn. In addition, bacteroids do not appear to synthesize a capsular polysaccharide (van Brussel et af., 1977), and hence the bacteroid outer membrane represents the exposed surface of the cell (Figs 2 and 3) .
In addition to strain-to-strain variation in antibody binding, the specificity of McAb binding varied between free-living and bacteroid forms of R. legurninosarum for strain 8002 and derivatives (Fig. 5) . Both for strain 8002 (biovar phaseoli) and for the related strain 8400(pRLl JI) (biovar uiceae), LPS from the free-living cultures reacted strongly with MAC 114 and weakly with MAC 57, whereas the converse was true for bacteroids isolated from nodules of Phaseolus and Pisum respectively. The biochemical basis for these changes in specificity is not known, but they may involve relatively minor chemical substitutions or modifications to the carbohydrate of LPS molecules.
It is not yet known whether these McAb recognize components in the LPS core polysaccharide or in the 0-antigen side-chains. However, the fact that the bacteroid material used to immunize the rats did not contain LPS with the repeating 0-antigen structure (Figs 4 and 5 ) makes it quite possible that the antigens recognized by these MaAb are present in the core polysaccharide. Surprisingly, the epitopes for antibody binding were resistant to periodate oxidation (Fig. 2) as well as to proteases. The carbohydrate groups recognized by the McAb are thus highly substituted or contain numerous 1,3 linkages.
McAb that react with bacteroid LPS, such as those described in the present study, should be useful experimental tools for the future examination of surface interactions between Rhizobium and the host legume cell. These McAb can be used to examine details of the molecular architecture of LPS, and how it changes between free-living and bacteroid forms of Rhizobium. It may also be possible to use the McAb as a basis for the isolation of mutants with altered LPS structures. 
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